Microcrystalline silicon solar cells with AM 1.5 conversion efficiency above 5 Yo have been deposited at deposition rates in excess of 10 &S. This is achieved by VHF-GD at an excitation frequency of 130 MHz. By increasing the plasma power at a dilution ratio of 7.5 % silane/(silane+hydrogen) there first appears a morphological transition from a-Si:H to pc-Si:H and then an increase in deposition rate. Crystallographic properties and solar cell efficiencies vary thereby in a significant manner.
INTRODUCTION
Hydrogenated microcrystalline silicon (pc-Si:H) was introduced some 30 years ago by Veprek and Marecek [l] . Since then, a lot of work has been devoted to investigate doped pc-Si:H layers, which are of interest due to their excellent contact properties. Full compatibility with a-Si:H technology allowed indeed their immediate incorporation as contact layers not only in amorphous solar cells but also in TFT's. On the other hand, undoped pc-Si:H was for a long time disregarded as a serious possibility for a photovoltaically active material: as deposited pc-Si:H showed an undesired n-type doping which turned out to be detrimental for device operation. However, this could be overcome by microdoping [2, 31 and, more recently, by the purifier approach [4, 51. With the latter technique, viability of using pc-Si:H as an active PV-material was demonstrated by fabricating a 7.7 Yo efficient singlejunction thin-film silicon solar cell [6] . Within the micromorph concept, where a stacked a-Si:H (gap 1.7 eV) / pc-Si:H (gap 1 .I eV) tandem structure allows a better use of the solar spectrum, a stable cell efficiency of 12 % has been reported [7] . At present, the major concern of pc-Si:H is its low deposition rate (1-2 &s), combined with the thickness requirements (= 3.5 pm) [5, 71. Note that this situation which applies to intrinsic pc-Si:H is in contrast to the situation prevailing for the very thin doped pc-Si:H layers which are used as contact layers in amorphous and other thin-film silicon solar cells [8] . When using hot-wire CVD, very high deposition rates up to 50 A/s for silicon (pc-Si:H / poly-Si) have been reported [9]; this fact illustrates that high deposition rates should not be excluded a priori for pc-Si:H. Indeed, encouraging first results on cells showed 3 % conversion efficiency for the hot wire technique at a deposition rate of Within the field of plasma-enhanced CVD (PECVD), it has been shown that the VHF-GD technique, where the plasma excitation frequency is increased to the VHF-range, is very favourable for the growth of pc-Si:H [I 1-15] . On the other hand, early work by Matsuda in 1983 [I61 demonstrated that for standard PECVD at 13.56 MHz plasma excitation frequency, pronounced hydrogen-dilution is not a necessary condition for pc-Si:H growth and can be compensated with high enough RF-power levels. However, deposition rates remained here below 1.5 &S. In this work it is shown that within the VHF-GD techni ue device-grade pc-Si:H can be grown in excess of 1 0 %~ by controlling the morphological phase transition thanks to the applied VHF-power, under restricted dilution levels. The i-layers both in the film and cell series were deposited at a VHF frequency of 130 MHz and at a fixed dilution ratio of 7.5 YO silane/(silane+hydrogen). This dilution level is even under VHF conditions not sufficient (at low power levels) to allow for a morphological transition from the a-Si:H to the pc-Si:H phase [17] . To force the desired morphological transition towards the pc-Si:H phase, the applied VHF-power level was increased from 20 to 70W; this was measured by a directional power meter in the 50 ! 2 line just before the matching network. The purifier technique [4, 51 was always applied when depositing the i-layers to avoid the incorporation of the detrimental oxygen contamination which usually results in n-type layers and, thus, in poor device performances. Other deposition parameters can be found elsewhere [I 81 .
Under these conditions, about 2 pm thick films were deposited on glass substrates (AF45 Schott) and on double-sided polished <loo> Si wafers. On the former samples X-Ray diffraction was performed and on the latter samples the IR-absorption between 400 and 2500 cm-l was determined in order to obtain insight both into the morphological transition and into the binding configuration. Such intrinsic films were incorporated as active layers in n-i-p solar cells which were deposited on textured SnO2 coated glass (Asahi type U). As top contacts we sputtered IT0 through a mask thus defining thereby the Fig. 1 shows X-ray diffraction patterns of the films prepared at the fixed dilution of 7.5 % but in function of the VHF-power level. At 20 W the absence of diffraction peaks reveals the growth of a-Si:H (confirmed by Raman and PDS). At higher VHF-power levels crystallites can be detected: the main diffraction peaks that can be observed are those for the <I 11>, <220> and <31 I > orientations. One sees that it is indeed possible to control the morphology of the deposited layer by the applied VHF-power only. This is further confirmed by IRabsorption spectra as can be seen in For convenience, we have plotted in Fig. 3 the ratio of the intensities at <220> and e1 1 I>. Whereas the silicon powder diffraction pattern (random orientation), reveals a ratio of 0.55, in the films presented here this ratio can exceed 3.0 indicating a preferential growth along the <220> axis (with a clear maximum around 50 W VHFpower). The general trend that can be observed is that high hydrogen-dilution can indeed be replaced by substantially enhanced VHF-power levels. Restricted hydrogen-dilution (which results in higher deposition rates but hence also in a-Si:H growth if the dilution is not sufficient) can result in pc-Si:H growth if the applied VHF-power is high enough.
RESULTS AND DISCUSSION Layers
From the data in Fig. 3 one may conclude, that the preferential growth along the <220> axis is correlated with the appearance of monoldihydride bonds on <loo> / cl 1 1 > surfaces of silicon crystallites (IR-absorption around 2100 cm-l). This is interesting in the context of the surface passivation properties that hydrogen shows on silicon 121, 221. One may indeed raise the question whether we have here crystallites arranged vertically along the <220> axis with surfaces (i.e. grain boundaries) where bonded hydrogen passivates dangling bonds.
Further work is, however, required to check the ideas suggested here. 
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Solar Cells
To investigate how this new series of pc-Si:H layers perform within an electrical device, complete n-i-p solar cell diodes were deposited incorporating the very same layers. In Fig. 4 we show deposition rates thereby obtained. A steady increase of deposition rate is observed by increasing the applied VHF-power.
Unusually high deposition rates in excess of 13 k s for yc-Si:H material is observed.
In Fig. 5a , b solar cell performances are given. Note that the structure employed has a specific advantage when growing the fully pc-Si:H cell. The thin window layer (p-type jx-Si:H) has a strong tendency to pick up the underlying morphology [23] and, thus, nucleates rather bad on a-Si:H (as is the case in the 20 W a-Si:H cell). A special nucleation pretreatment is required here [24] . This could also explain the increase in the fill factor for higher HF-powers, since nucleation is facilitated (on yc-Si:H).
Furthermore, in Fig. 5a a strong drop in VOC is observed for the cells deposited at higher VHF-power levels and can be explained by the optical gap of the corresponding materials; on the other hand, the low values obtained for both a-Si:H and pc-Si:H-based cells in this series may be due to interface problems and do not necessarily reflect a Voc-limiting recombination in the bulk [7] . The strongest effect of pc-Si:H growth and structure on the solar cell performance can be seen from the obtained short circuit current. For this particular optimisation series the highest obtained conversion efficiency is 5.2 % at a deposition rate of 10.9 A/s (Jsc = 21.8 mA/cm2, FF = 56 %, VOC = 424 mV). In fact, this peak value is associated with an increase in the optical absorption of the incorporated material, as will be shown in detail in a future paper. Comparing 
CONCLUSIONS
Powder-free rowth of a pc-Si:H solar cell at a deposition 5.2 % is reported and, thus, illustrates that the VHF-GD deposition technique allows one indeed to obtain device-quality yc-Si:H material at reasonably fast deposition rates. It is shown that it is possible to control the morphological transition from a-Si:H to pc-Si:H under a restricted hydrogen-dilution by the applied HF-power only. By that the deposition rate can be increased up to 13 k s .
An interesting correlation tendency is found between the preferential growth of the crystallites in the c220> direction, the IR-absorption around 2100 cm-l and the final yc-Si:H solar cell efficiency. The authors suspect that this is mainly due to light scattering effects which enhance the effective optical absorption in the near infrared. Investigating this link should be the scope of future work.
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